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 ABSTRACT: Nowadays, the steel industry is able to produce structural members made of high strength 
steel grades up to S690/S700. However, the use of such members in constructions is still rather limited 
mainly because it is relatively difficulty for a designer to easily identify the projects where there is an 
economical interest of using high strength steel for such members. In the framework of a RFCS 
European project entitled “ATTEL – Performance-based approaches for high strength tubular columns 
and connections under earthquake and fire loadings”, a study has been performed at the University of 
Liège to identify the structural typologies, with account of their specific loading conditions, where the 
use of tubular column made of high strength steel is economically interesting.  
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1. INTRODUCTION 
In many structures, the use of high strength steel (HSS), i.e. with an elastic strength higher than 
460MPa, offers an economical benefit in comparison with normal steel (NS)[2, 7, 8, 10]. The reason 
relies mainly on the fact that the cost increases slower than the strength. Moreover, structures using 
HSS are usually lighter than the ones made of NS leading to a reduction of the costs related to the 
transportation, fabrication and painting. However, as the stiffness of HSS structures is smaller than the 
one of NS structures, the second-order effects and, consequently, the serviceability requirements 
considerably limit the advantages of the use of HSS. The interrelation between the advantages and the 
drawbacks of HSS leads to the complicate question of knowing whether there is an economic interest of 
using HSS instead of NS for structural members. This question has not yet been adequately considered 
in the literature.  
The present work aims at investigating building frames with steel and/or composite columns 
(made of circular steel tubes) with the objective of defining the domains where the use of HSS is 
economically interesting. Two topics will be addressed: (1) to provide a general view of the economic 
benefit of the use of HSS; (2) to establish the basis for choosing the material (HSS or NS) for framed 
structures at the pre-design stage.  
2. ADOPTED STRATEGY 
The present investigation focuses on the economical interest of using HSS for steel or composite 
hollow section columns such as depicted in Fig. 1. The use of HSS for beams has not been considered 
herein seen that, in most cases, the design of these members is governed by Serviceability Limit States 
(SLS). In this research, steel with yield strengths varying from 500 N/mm2 to 700 N/mm2 are 
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considered as HSS while NS relates to S355 steel. For sake of simplicity, only isolated columns 
extracted from sway or non-sway frames, as depicted in Fig. 2, have been investigated, although the 
study of the columns through global frame modelling is more accurate (in particular for sway frames). 
For the conducted studies, the adopted strategy is described in Fig.3. For each considered configuration, 
an optimal cost design is performed using HSS and NS (Section 3). The strength, stability and stiffness 
requirements according to Part 1-1 of Eurocode 3 [4] and Part 1-1 of Eurocode 4 [6] are taken into 
account in the optimum cost design of steel and composite columns respectively. Concerning the 
analysis of structures made of HSS, the rules of Part 1-12 of Eurocode 3 [5] are used. The obtained 
solutions are then compared (Section 4). The geometry, the applied loads and the material properties are 
the variables of the problem and are changed with the purpose of covering a wide range of practical 
applications. The material costs are also considered as variables. In Section 5, the field of investigation 
(or the range of variations of each variable) is provided in more details. Finally, according to the 
obtained results, general comments are derived in Section 6. 
 
 
a) Steel tubular column.                        b) Composite tubular column. 
Figure 1. Cross sections of the considered columns. 
 
 
a) Column in non-sway frames.                           b) Column in sway frames. 
Figure 2.Considered models for columns. 
 Figure 3. Adopted strategy. 
3. OPTIMAL COST DESIGN 
The optimal cost design provides the cheapest solution amongst the admissible ones respecting the 
necessary safety conditions as recommended in the Eurocodes.  
As described within this section, the optimal cost design is decomposed of three main steps:  
(1) Use of the design recommendations given in the Eurocodes to determine the safety 
conditions for columns (Section 3.1);  
(2) Definition of a cost function being the object function to be minimized (Section 3.2);  
(3) Translation of the problem into suitable mathematical expressions and selection of an 
appropriate algorithm to solve the problem (Section 3.3). 
3.1. Column analysis and design 
The different steps of the analysis and design of the columns are briefly described here below. 
Load cases:  
The ultimate limit states (ULS) and the serviceability limit states (SLS) have to be checked for each 
column. For the ULS, the design values of the loads (i.e. including safety coefficients) are considered in 
the computations while the characteristic values of the loads (i.e. without safety coefficients) are 
adopted for the SLS (Fig.4). 
 
a) Ultimate limit state.                b) Serviceability limit state. 
Figure 4. Adopted load values for the ultimate and serviceability limit states. 
Effective length:  
Wood’s approach [12] for the computation of the effective lengths is adopted in the present work. 
Accordingly, the effective length depends on the stiffness coefficients of the members connected at the 



























and iR  are the stiffness’s of the upper and lower 
columns respectively; bsR  and biR are respectively the sum of the stiffness of all beams connected at the 
top (node “s”) and at the bottom (node “i”) of the considered column (Fig.5). 
 Knowing ik and sk , the effective length of the column can be estimated using charts that were 
established by Wood [12]. To allow a systematic computation of the effective lengths, the following 
formulae approximating Wood’s charts are preferred (see [3]):  
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 for sway columns, (4) 
where lf is the computed effective length and l the height of the considered column. 
 Figure 5. Parameters for the computation of the effective length. 
It is worth noting that the P-∆ effects are taken into account if the effective length is calculated 
using Eq. (4); therefore, the bending moment 
,maxEdM  (Fig.4a) to be considered for checking the column 
resistance should be computed using the first order theory, even if one considers sway frames. 
Horizontal displacement: 
 The horizontal displacement at the top of the considered column (when included in a sway frame) 
may be predicted using Eq.(5) [9], with account of the second-order effects: 
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where EIc is the bending stiffness of the considered steel/composite column; kP  is the characteristic 
value of the applied horizontal load; EkN
 
is the characteristic value of the applied vertical load (Fig.4b); 
cr
N is the Euler elastic buckling load of the column. In this work, the horizontal displacement is limited 
to 1/250 of the column height. 
Classification of cross-sections and member buckling verification: 
 In the present study, only cross-section of class 1, 2 or 3 are considered. As previously mentioned, 
the design recommendations from Eurocodes 3 and 4 [4, 5, 6] are followed to verify the stability of the 
considered column. 
Additional assumptions: 
For the design of the columns, the following additional assumptions are made: 
- It is assumed that the beams connected at the extremities of the designed NS and HSS columns 
are the same and that similar beams are connected to the bottom and top ends of the NS or HSS 
columns, i.e. bs bi bR R R= = ; 
- The stiffness of the upper and lower columns at the extremities of the NS or HSS considered 
columns are assumed to be the same as the designed one, i.e.
s i cR R R= = .












According to the first assumption, Rb is the same for the NS and the HSS columns. However, the value 
of k differs due to a different Rc value for the NS and the HSS columns. 
3.2. Cost function and variables 
The following parameters may be considered as variables for the optimisation:  
- For the steel columns: diameter D and thickness t (Fig. 1a);  
- For the composite columns: diameter D, thickness t, distance b between the rebars and the 
internal face of the tube (Fig. 1b), area of rebars, class of the concrete and grade of the rebars.  
The class of the concrete and the grade of the rebars are discontinuous quantities. Thus, these values 
will not be directly included in the optimisation process and will be fixed at the beginning of the design 
although still varying quantities. Concerning the distance b, the capacity of the section under static 
loading is increasing as b decreases (the constructive condition has to be respected). Accordingly, the 
closer to the tube the rebars are (i.e. the smaller the value of b), the higher the capacity of the section 
(all other parameters being kept constant). As a consequence, the parameter b is not included in the 
optimisation process and is fixed at the beginning of the optimisation.  
Moreover, in order to be able to compare the two solutions, the cost of several quantities (e.g. steel, 
rebar and concrete) must be defined taking into account its variability with respect to the time and the 
region. Since the objective is to draw general conclusions useful for any time and place, a large field of 
the mentioned costs should be investigated, obviously leading to a greater complexity of the problem. 
To avoid this, the following problem for composite columns is considered: two solutions of columns are 
compared with the same length, class of concrete and density (%) of rebar, under the same load, but 
using two different values of steel strength for the tubes. The variations of length, loads, concrete class, 
and rebar density will be considered as the parameters (input variables) of the optimum research 
problem. Therefore, the following cost function is adopted: 
 ( )
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where Aa is the area of the steel tube; csA  is the area of concrete and rebar; ac , csc  are, respectively, the 
cost per volume of steel and of reinforced concrete (euros/m3). So, when calculating the cost, the 
concrete and rebars are considered as one single material (reinforced concrete). The parameter ccs 
obviously depends on the class of concrete and the density of rebars.  
Finally, two variables have to be considered: the diameter D and the thickness t. In reality, market 
catalogues for steel tubes provide discontinuous quantities for the couple D and t. But, in the present 
research, in order to generalize the results and simplify the mathematical problem, they are considered 
as continuous quantities. 
3.3. Graphic interpretation of the optimisation procedure 
The optimum procedure can be qualitatively interpreted using Fig.6. 
 
Figure 6. Graphic representation of the optimal cost research problem. 
The method of feasible direction is chosen to solve the problem. The explanation of this method is 
abundantly reviewed in the literature (e.g. [8]). 
4. COST COMPARISON 
Currently, the steel grade S355 is the most popular in construction, it is thus chosen as the 
reference material (i.e. as “NS”). Eq.(7), with the sub-scripts “355” and “HSS” to distinguish the 
reference steel and HSS, can be rephrased as: 
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From Eqs. (8) and (9), one has: 
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it is clear that if 355/ 1<HSSC C , then HSS is of economic interest; on the contrary, if 355/ 1>HSSC C  then 
NS is of economic interest; the neutral case occurs if / 1HSS NSC C ≈ .  
5. FIELD OF INVESTIGATION 
The following ranges of variation for the parameters form the field of investigation:  
- The columns length l varies from 3 to 8 m; 
- The compression force NEd varies from 500 to 6000 kN; 
- The maximum bending moment MEd,max to compression force NEd ratio varies from 0 to 0.75 
m, which reflects what is commonly met in real frames;  
- According to [5], S500, S550, S620 and S690 steels have to be considered as HSS (with fy = 
500, 550, 620 and 690MPa respectively). In the present work, various steel grades within 500 
and 700 MPa are considered. 
- The characteristic value of the compressive concrete cylinder strength fck varies between 25 
and 40 N/mm² and the density of rebar varies from 0% to 6%; 
- The cost of HSS to cost of S355 ratio cHSS/c355 lays between 1,1 to 1,6. According to [2], these 
values are: c500/c355 = 1,138; c550/c355 = 1,260; c620/c355 = 1,340 and c690/c355 = 1,382. 
- The cost of reinforced concrete to the cost of S355 ratio ccs/c355 ranges from 0,02 to 0,05. At 
the moment, this value in Belgium is around 0,03.  
6. RESULT ANALYSIS, GENERAL COMMENTS AND APPLICATIONS 
Results analysis 
Hundreds of computations have been performed in order to cover the field of investigation as 
described in the previous section. The obtained results are reported in the form of charts as the one 
provided in Fig.7 where the HSS column volumes to the NS column volumes ratio considering the same 
loads are depicted. The horizontal axis represents the column length (in meter) and the vertical axis 
provides the design compression load NEd (in tonne). This particular graph corresponds to the following 
specific situation: the column is in an un-braced frame, the considered HSS grade is S700, k = 0 (see 
equation 6), MEd /NEd = 1cm and Pk /NEd = 1/250 (see Fig. 4). Using this figure, a second graph can be 
derived. It defines the domains where the use of HSS has an economical interest (see Fig. 8). The 
neutral line in Fig. 8 indicates when the HSS option has the same cost that the NS option. In the zone 
above this line, the use of HSS is economical while, below this line, the conclusion is reversed. The 
position of the neutral line depends on the steel grade, the type of frame, the eccentricity, the horizontal 
load magnitude, the rigidity of the beam system and so on. In each zone, the economic benefit is 
proportional to the distance from the neutral line. The selected graphs may be found in [1]. 
  
Figure 7. Example of graphs obtained after the optimum design of a steel column (ratio of steel volumes). 
 
Figure 8. Qualitative graph providing the domain of economic interest of HSS that can be derived from each case 
study. 
General comments 
From the so-derived graphs, the following comments may be drawn: 
- In many cases, for steel columns, the use of HSS leads to considerable economic profit. As 
expected, the use of HSS in case of stocky columns provides the greatest advantage while NS is more 








































economic in case of slender columns. Moreover, the interest of using HSS decreases when the 
eccentricity increases. 
- In braced/non-sway frames made of steel columns, the domain of interest of HSS is the greatest. 
In the case of unbraced/sway frames, the benefit in using HSS is quite low due to the limitation in terms 
of horizontal displacements leading to a minimum inertia to be ensured by the column. From the 
conducted investigations, it can be concluded that the use of HSS for columns in sway frames has no 
economical interest, except in very few specific situations. 
- For the composite columns, even if different relative costs 355/csc c  and 355/HSSc c have been 
considered, very few cases where the use of HSS is economical have been identified. 
The above remarks are summarized in Table 1. 
 
Table1. Summary of the conclusions of the analysis. 
 
Application 
In more details, using the charts established during the present study, the user could better choose 
the material (HSS or NS) for the structure just as it is suggested in the following steps: 
- Step 1: determination of the unit costs for both HSS and NS columns (euros/t). These costs 
shall include the material, transport as well as fabrication costs. 
- Step 2: determination of the internal loads for the considered columns. The two following 
procedures are suggested to estimate these loads: 
o  The first method consists in the following procedure:  
 Firstly, prior to any computation, a first reasonable member sizes estimate is 
chosen on the basis of the engineer’s expertise; 
 Secondly, a global analysis of the frame is performed to predict the value of 
the axial load NEd; 
 If the considered structure is un-braced/sway, a second analysis is 
performed to estimate Pk (Fig. 4).  
o  The second method considers each storey as separate systems and, for each storey: 
 Firstly, the vertical load and horizontal load applied to the considered storey 
are calculated; 
 Then, the above mentioned loads acting are divided by the number of 
columns included within the storey;  
- Step 3: with the cost provided in Step 1 and the column loads determined in Step 2, the charts 
established within this study enable the user to assess whether HSS is of economic interest. 
7. CONCLUSIONS 
A research about the economic interest of the use of HSS circular tubes in steel and composite 
columns under static loading is described in this paper. The general idea is to compare the costs of 
columns made of HSS and NS. In order to find comparable designs in each category, the optimal cost 
design, taking into account the safety requirements of the current Eurocodes, is adopted. By using an 
automatic computation procedure, a large field of investigation covering almost all realistic possibilities 
is examined.  
 With steel columns, the following conclusions can be drawn: (1) in many case, the use of HSS 
leads to considerable economic profit in comparison with S355 steel, especially in case of stocky 
columns for which the greatest advantage is observed; (2) the interest of using HSS decreases when the 
eccentricity of the axial load increases; (3) the domain of interest of the use of HSS in braced/non-sway 
frames is thought to be relatively large; (4) the economic benefit of the use of HSS in un-braced/sway 
frames is smaller than the one in the case of braced frames. Using the charts developed within the 
present work, the user is able to determine the ratio between the required area of HSS to the required 
area of NS for his column. And, therefore, looking at the current costs of steels, he can establish 
whether the HSS column costs less.  
With composite columns, there are very few case studies for which the use HSS tubes provide a 
profit. 
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